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Introduction
Brannerite, ideally UTi 2 O 6 has been reported from many uranium and rare-earth elements ore deposits around the world and is the most important uranium ore mineral after uraninite and coffinite (Finch and Murakami, 1999) . Brannerite is known to be refractory, in that it will dissolve slowly or not at all under the conditions typically used to leach uranium from the other two common minerals (Smits, 1984; Lottering et al., 2008; Costine et al, 2013; Gilligan and Nikoloski, 2015a) . In order to develop effective processes for the extraction of uranium from brannerite dominant ores, it is necessary to improve the understanding of the leaching reaction chemistry. A recent study of the leaching reaction chemistry of brannerite in ferric sulphate media (2.8 g/L Fe 3+ ) at different temperatures (25-96°C) and acid concentrations (10-200 g/L H 2 SO 4 ) (Gilligan and Nikoloski, 2015b) has shown that the dissolution process follows two different leaching reaction mechanisms. At lower temperatures, uranium is dissolved at higher rate than titanium initially, leaving titanium rich areas on the brannerite particles which suggest incongruent dissolution, while at higher temperatures, uranium and titanium dissolve at similar rates suggesting congruent dissolution. Significant morphological changes take place during these processes which, if properly understood, and related to the apparent rate of dissolution could provide further insight into the key parameters that govern the dissolution behaviour of brannerite and enable the efficient extraction of uranium from brannerite.
On the one hand, this is related to the properties of brannerite in the ore deposits and reports that addressed this can be considered. Brannerite is commonly naturally altered and in a metamict state (Pabst, 1954; Hewett et al., 1957 , Frondel, 1958 Feather and Koen, 1975; Szymaoski and Scott, 1982; Finch and Murakami, 1999; Mironov et al., 2008; Cuney et al., 2012) , with the extent of alteration varying with the age and the geological environment (Lumpkin, 2001; Lumpkin et al., 2012) . Lumpkin et al., (2012) analysed several natural specimens of brannerite from different locations. Specimens ranged in age from between 5 and 11 million years (Bourg d'Oisans, France) to 1580 million years (Crocker Well, South Australia). Older specimens were more disordered and metamict, but even the most recently formed specimens obtained from Alpine pegmatites (10-20 million years old) were observed to be metamict. The age of brannerite from Sierra Albarrana in Spain which was studied in Gilligan and Nikoloski (2015b) , was determined to be between 350 and 390 million years old, altered and metamict (Lumpkin et al., 2012) .
Reports have shown that recrystallisation of natural brannerite reduces the rate of leaching, with metamict, altered brannerite being more readily leached than unaltered or recrystallised brannerite (Charalambous et al., 2010; 2014) . Partial leaching and hydration of the brannerite and a disrupted
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3 crystal lattice have been related to enhanced reactivity of altered brannerite compared with unaltered material (Charalambous et al., 2012) . Ifill et al., (1996) observed a relationship between the texture of a brannerite grain within ore and the rate at which it dissolved, with the presence of secondary coffinite facilitating the formation of leached pits on the brannerite surface. The formation of leach pits was identified as a rate determining step, with dissolution occurring fastest in directions parallel to the surface.
The chemical composition of brannerite varies widely, with thorium, calcium and light rare-earth elements (LREE) substituting for uranium. The presence of non-formula elements such as these in brannerite has also been found to influence its leachability. Charalambous et al., (2010) 
However, there is currently no systematic information on how the morphology and alteration of brannerite relates to leaching behaviour and how the textural and crystal-chemical properties of the solids change during the leaching process, as a function of the leaching conditions. This becomes of particular interest in view of the latest knowledge on the different reaction mechanisms that take place in the acidic ferric sulphate system as a function of temperature and acid concentration. To provide this information, the brannerite sample and residues from the leaching experiments reported in Gilligan and Nikoloski (2015b) were subjected to further detailed characterisation by surface imaging and X-ray diffraction techniques. 
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Materials and methods
The bulk chemical composition of the brannerite sample was determined by acid digest followed by inductively coupled plasma mass spectrometry (ICP-MS) and inductively coupled plasma atomic emission spectroscopy (ICP-AES).
X-ray diffraction (XRD) analysis was performed with a GBC Enhanced Multi-material Analyser (EMMA) at Murdoch University. Samples were placed directly onto X-ray absorbing silicon discs within circular metal sample holders. Samples were introduced under a drop of ethanol and the ethanol was allowed to evaporate prior to the analysis. The X-ray tube was operated at a voltage of 35.0 kV and current of 28.0 mA. Diffraction patterns were collected over a range of 5° ≤ 2θ ≤ 65° using a 1° diverging slit, a 0.2° receiving slit and a 1° scattering slit. A step size of 0.02° was used, with a speed of 1°/min (1.2 s per step). Ni filtered Cu Kα X-rays were used. A single pass was used for each analysis. An additional five pass analysis was performed on the unleached material with the same parameters. A Kα 2 strip was performed on the diffraction patterns, with a Kα 2 /Kα 1 ratio of 0.51.
Scanning electron microscopy (SEM) observations were performed with a JEOL JCM-6000 Bench top SEM associated with an energy dispersive X-ray spectroscopy (EDX) analyser. An accelerating voltage of 15 kV was used to produce the SEM images of the residues. Both secondary electron (SE) and backscattered electron (BSE) modes were utilized. Particles were mounted on carbon discs. The cross-sections of the brannerite particles and leached residues were prepared by embedding in epoxy resin and subsequent polishing with silicon carbide and alumina paste.
A 15 kV accelerating voltage was used for the semi-quantitative EDX analyses. All EDX analyses were run for 60 seconds. Unless otherwise indicated, all images associated with EDX analyses were taken in BSE. For line-scan analyses, the counting time was set to 15 seconds per step. X-ray elemental maps were produced with a resolution of 384 x 512 pixels and a counting time of 10 x 0.2 ms per pixel.
Eighteen leaching experiments were run using combinations of three sulphuric acid concentrations (25, 50 and 100 g/L H 2 SO 4 ) and six temperatures (25, 36, 52, 63, 79 and 96°C) . Four additional experiments were run using either 10 or 200 g/L H 2 SO 4 at either 52 or 96°C. Each leaching experiment was run for 5 hours and the ferric concentration was kept constant at 2.8 g/L. For the details of leaching experiments the reader is referred to Gilligan and Nikoloski (2015b) .
Results
Uranium and titanium extractions
Analyses of leaching kinetic data relating to this investigation reported in Gilligan and Nikoloski (2015b) showed that the rates of uranium and titanium dissolution were strongly dependent on the temperature, with the final uranium extraction ranging from 30% up to 99%. Similarly, titanium extraction ranged from 25% to 89%. Variations in acid concentration had less of an effect on the extent of dissolution. The final extractions of uranium and titanium were closer when the acid concentration was higher. The extent of uranium and titanium dissolution during leaching is summarised in Table 2 . (Gilligan and Nikoloski, 2015b) . 
Brannerite sample properties
Chemical composition
The sample of natural brannerite used in the study is from the Dieresis deposit, near Cordoba in the Sierra Albarrana region of Spain. Based on the bulk chemical analyses the content of uranium and titanium are 35.8 wt. % U and 20.1 wt. % Ti, respectively. The amounts of several minor elements such as Th, Pb, Ca, Fe and Si are above 1 wt. %; while the concentrations of Al, P, Y+REE, Mn, Na, K, Ba, Mg, and Zr are < 0.5 wt. % (Table 3) .
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Structural characterisation
A five-pass scan over the range of 5-65° 2θ produced diffraction patterns with a few prominent peaks and two broad humps, which suggest that significant volume of the sample is amorphous. The first hump is from 20-35° 2θ, the second from 40-65° 2θ ( Figure 2 ). The most prominent peak characteristic for crystalline brannerite was reported at 25.8° 2θ (Szymaoski and Scott, 1982) . No such feature was identified on the XRD pattern ( Figure 2 ). However, a single maximum is present at 28.0° 2θ, which corresponds to a d = 0.318 nm. The closest match identified was recrystallised thorutite, thorian brannerite, (Th,U,Ca)Ti 2 O 6 , with the highest peak occurring at 28.13° 2θ corresponding to d = 0.317 nm (PDF 14-0327 after Gotman and Khapaev, 1958) .
While the chemical composition and many of the EDX analyses match what could be expected for brannerite, no crystalline brannerite was detected by XRD. Therefore, it is likely that the brannerite in this sample is amorphous, with a relatively smal fraction of crystalline domains. No uraninite was identified by XRD. Lumpkin et al., (2012) did not identify any crystalline brannerite phases in the Sierra Albarrana brannerite, but they did identify microinclusions of uranium oxides by transmission electron microscopy (TEM). The electron diffraction peak around 0.32 nm was also attributed to crystalline uraninite (Lumpkin et al., 2012) . shown for anatase (PDF 21-1272) , rutile (PDF 21-1276), uraninite (PDF 05-0550) , crystalline brannerite (Szymański and Scott, 1982) and heated thorutite (PDF 14-0327 after Gotman and Khapaev, 1958) .
The rest of the identified broad peaks match the diffraction pattern of anatase; the other polymorphs of TiO 2 were not detected. The broadening of the diffraction maxima for anatase suggests that it consists of relatively small crystallites. Calculations with the Scherrer formula (Cullity, 1978) determined that the crystallite size of anatase varies between 10-20 nm.
Where t is the crystallite size, λ is the wavelength of the x-rays (0.15418 nm), B is the angular width of the peak in radians at half of the maximum height and θ B is the angle at which the peak occurred, also in radians. The centres of the anatase peaks aligned with the expected positions and were not shifted, as would be expected if there were any non-titanium substitutions in the crystal structure.
Uranium (Yinjie et al., 1997) and iron (Schwertman et al., 1995) are known to replace titanium in anatase, altering the lattice parameters. Szymaoski and Scott (1982) Thourutite, heated (PDF 14-0327 after Gotman and Khapaev, 1958) Uraninite -PDF 05-0550 Unleached material
Texture and elemental distribution
The unleached brannerite particles appeared sharp and jagged, with the surface of individual particles being fairly flat. The size of the majority of the particles was below 100 μm, with few outliers (Figure 3 ). The differences in the intensity of the BSE signal ( Figure 3b) ; indicate that the sample was not of uniform composition. This suggests that uranium and titanium were distributed heterogeneously, which was confirmed by EDX analyses and elemental mapping. Brannerite in the images appears light grey while titanium oxide appears grey. Uranium oxides and silicate gangue, both minor constituents of the sample appear white and dark grey respectively. A raster EDX analysis over an area of approximately 350 x 500 μm covering a number of brannerite particles showed that the main cations are uranium and titanium (Figure 3) . Calcium, lead, thorium, iron and silicon, all common substituents for uranium and titanium in brannerite structure were
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10 detected in smaller amounts, as indicated by the lower intensities on the EDX spectrum ( Figure 3 ).
This result corroborates with the ICP-MS analysis showing that the contents of these elements were between 1 and 3 wt. % (Table 3) . In addition, aluminium and yttrium and/or phosphorus were identified in the sample. These three elements can occur in small amounts in brannerite (Smits, 1984; Ifill et al., 1996) ; the amounts of all three elements were between 0.25 and 0.5 wt. % (Table 3) .
The EDX analyses revealed that uranium-titanium oxide ( 
Residue properties
Structural characterisation
All XRD patterns of the leached residues were compared with the XRD pattern of the original material, anatase (PDF 21-1272), rutile (PDF 21-1276), crystalline brannerite (Szymaoski and Scott, 1982) , uraninite (PDF 05-0550) and thorutite (Th,U,Ca)Ti 2 O 6 , Th-rich brannerite after heating (PDF 14-0327, Gotman and Khapaev, 1958) (Figure 6 ). The broad hump from 20° to 35° 2θ and the similar lower raised region from 40° to 65° 2θ in the XRD pattern for the unleached brannerite did not appear in the spectra of any of the leached residues, which suggests that majority of the amorphous material was dissolved during leaching. The XRD pattern of the residues leached under the temperature of 79 °C and 96 °C show increase in the intensity of the anatase peaks suggesting that anatase makes up a greater fraction of the leached residue. These peaks appeared at a lower angle than expected. The difference between the measured and expected value of 2θ varied from 0.2° for the 25.3° peak to 0.5° for the 62.7° peak.
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13 peaks in the residue were similar to those in the unleached material, indicative of a crystallite size of 10-20 nm. Thorutite was identified in all of the residues including the higher temperature residues, with additional peaks identified at 26.5°, 33.0° and 53.0° 2θ associated with thorutite. Crystalline brannerite is more resistant to leaching than altered metamict brannerite (Charalambous et al., 2010; 2013; 2014) . Similarly, thorium substituted brannerite is more resistant to leaching than uranium brannerite (Charalambous et al., 2010) , which explains why crystalline thorutite was identified in the residue even when leaching was near complete.
Textures and leaching conditions
The morphology of the leaching residues (Figure 7 ) depends on the parameters of leaching conditions. The increase of leaching temperature from 25 °C to 63 °C, promotes corrosion and formation of porosity in the brannerite particles. After leaching at 25°C, much of the surface of brannerite particles remained intact with a few corroded patches. Leaching at 36-52°C resulted in the formation of pores 2-5 μm in width. When leaching took place at 63°C the brannerite surface was completely covered in pores.
The EDX survey of the leached residue revealed that above 63 °C, very few particles match the composition of the original brannerite (Figure 3-Figure 5 ). Under higher temperature conditions of 79 °C and 96 °C the only leaching product was anatase and silicates; leaching kinetics data shows that the uranium extraction exceeded 95% in these experiments (Table 2) . Consequently, anatase is less readily dissolved than brannerite under the utilised temperature conditions. In addition, no corrosion pits were detected on the anatase particles. EDX analyses of two darker patches in the BSE image (spots 1 and 6 in Figure 8 ) show reduced amounts of uranium relative to titanium compared with the smooth and bright in BSE surface (spot 5), suggesting that uranium had dissolved to a greater extent than titanium. In the initial stages of leaching, the rate of uranium dissolution was around twice that of titanium.
Leaching kinetic data (Table 2) showed that 39.7% of the uranium dissolved along with 35.8% of the titanium in this leaching experiment. This corresponds to a Ti/U molar ratio of 2.5, less than the limiting ratio of 2.6. The calcium content decreased with uranium.
The combined textural and EDX analyses of the leached residues showed the Ti-rich planar zones The cross-sections of brannerite particles present still in the residues after leaching in 50 g/L acid at 36°C, 52°C and 63°C showed the details of the corroded rim ( Figure 10 ). The shape of the pits varied with the leaching conditions. The edges of the remaining brannerite (Br) were ragged after leaching at 36°C and show few corrosion rinds. Leaching at 52°C and 63°C, resulted in the formation of "water-drop"-like corrosion pits penetrating the brannerite particles at the depth of ~20 μm. 
Chemical composition
Line-scans of the outer rims of leached brannerite showed that the ratio of uranium to titanium is constant between the core of the particle and the very edge. The relative intensities of both uranium and titanium decrease simultaneously (Figure 11 ), which corroborates with the data on the leaching kinetics of brannerite that showed uranium and titanium dissolving at the consistent ratio (Gilligan and Nikoloski, 2015b) . Interestingly, most of the line-scans revealed a presence of a layer depleted in both uranium and titanium (local minimum on the line-scans). Such feature usually marks the position of the reaction front and the presence of porosity that facilitates the transport of the lixiviant into the mineral surface and dissolution of the parental phase (Pöml et al., 2007) . The elemental maps and the EDX analyses of the leached particles showed that the residues consisted mostly of uranium-titanium oxide ( Figure 12 and Figure 13 ) with some titanium oxide. The microparticles of the uranium oxide identified in the unleached material were also observed within some leached brannerite particles. It is expected that any uranium oxide inclusions exposed to the lixiviant would have dissolved much faster than the surrounding brannerite. While far less common than the elongated zones/areas of titanium oxide, some brannerite particles contain inclusions of (U,Pb)-oxides, likely (U,Pb)O 2+x ( Figure 13 ). When these narrow uranium oxide regions were identified in leached brannerite particles, they were associated with linear corroded areas, all parallel to the uranium oxide inclusions. Titanium oxide particles were identified in residues leached under all conditions. EDX analyses of Tirich material showed that it contains small but detectable amounts of uranium, similar to the titanium oxide in the unleached material (Figure 4 , Figure 5 ). On the other hand, some of the titanium oxide particles in the residues leached at 79 °C and above, in 10-25 g/L H 2 SO 4 , did not contain uranium but iron and sulphur ( Figure 14) . These Ti-rich particles are thought to have precipitated after the hydrolysis of soluble titanium species, as they were only identified in the residues from leaching experiments run at 96°C in 10-25 g/L H 2 SO 4 ; the same experiments in which the titanium concentration decreased after the first hour of leaching (Gilligan and Nikoloski, 2015b) .
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According to thermodynamic calculations with HSC Chemistry® v7.1.1 (Roine, 2011) , the hydrolysis of titanyl sulphate and precipitation of anatase in acidic sulphate media becomes more favourable with increasing temperature, and is most favourable around 115-130°C ( Figure 5 in Gilligan and Nikoloski 2015a) . The anatase particles shown in Figure 14a resemble synthetic titanium dioxide prepared through the hydrolysis of titanyl salts in sulphate media by other authors (Petersen et al., 1992; Wang et al., 2013) .
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Discussion
Relevant properties of the feed minerals
Most natural specimens of brannerite are XRD amorphous (Pabst, 1954; Feather and Koen, 1975; Theis, 1979; Burns, 1999; Finch and Murakami, 1999; Charalambous et al., 2012) . The XRD analyses of brannerite from Sierra Albarrana revealed that the large volume of the sample is also amorphous (Figure 2) . However, the presence of the single peak identified at 28.0° 2θ suggests that relatively small fraction of the sample contains crystalline domains. Because the position of this maximum matches the major peak of recrystallised thorutite, (Th,U,Ca)Ti 2 O 6 (PDF 14-0327 after Gotman and Khapaev, 1958) , and its intensity increases with the increase of the temperature of dissolution (Figure 6 ), it is likely that these crystalline domains host higher amounts of Th, which is not oxidized during leaching. In addition, electron diffraction pattern of the unaltered areas of metamict brannerite showed broad, diffuse rings at d-spacing of 0.19 and 0.31 nm (Lumpkin et al., 2012) .
These values are equivalent to 48 and 29 °2θ respectively, which corroborates with the identified "humps" on the XRD pattern of the analysed brannerite; from 20-35° 2θ and from 40° 2θ onwards (Figure 2 ). The metamict state of brannerite is a result of the alpha-decay events (Pabst, 1952; Lumpkin et al., 2012) . Lumpkin et al., (2012) determined the critical alpha-decay dose for metamictisation of brannerite to be 1.3-3.3 x 10 16 α mg -1
. Following the procedure published in Lumpkin et al., (2012) , the calculated alpha-decay dose for Sierra Albarrana brannerite was 48-57 x 10 16 α mg
, which exceeds the value of the critical dose.
Similar to brannerite from Roxby Downs and Crocker Well (both in South Australia) (Charalambous et al., 2012) , the Witwatersrand, South Africa (Smits, 1984) among other localities, fine-grained, sometimes nanoscale, anatase is a dominant TiO 2 polymorph associated with brannerite ( Figure 2) .
Indeed, the calculations with the Scherrer formula showed that the size of anatase crystallites varies in narrow range of 10-20 nm. Also, it is known that uranium is readily absorbed or incorporated into titanium oxide structure, which results in a decrease in the d-spacing of the main anatase peaks after the sorption of uranyl ions (Jaffrezic-Renault et al., 1980; Yinjie et al., 1997) . This shift was not observed for the analysed anatase (Figure 2 ), which shows that the uranium associated with the titanium oxide material originates from brannerite. Because, no uraninite was identified in the XRD (Figure 6 ) it is suggested that the amount of UO 2 inclusions ( Figure 5 , Figure 13 ) is below the detection limit of XRD (<2%).
Titanium oxides are the most common alteration products of brannerite under oxidizing natural conditions (Charalambous et al., 2012; Lumpkin et al., 2012) . reported by Smits (1984) for metamict brannerite of a hydrothermal origin from the Witwatersrand in South Africa, which was intersected by cracks filled with anatase associated with quartz and anglesite. Altered areas of brannerite from several locations were enriched in aluminium, silicon and phosphorus and depleted in uranium and calcium relative to titanium (Zhang et al., 2006; Charalambous et al., 2012; Lumpkin et al., 2012) . Lumpkin et al., (2012) proposed the mechanism of brannerite alteration where uranium dissolves as uranyl ions, followed by precipitation of a secondary titanium oxide phase. Subsequent contact with soluble silica results in the formation of a glass-like silicon-titanium oxide, SiTi 2 O 6 . Lead may also be incorporated into this phase. This matches the apparent distribution of elements in the veins shown in Figure 5c -d. Under reducing conditions brannerite is replaced by uraninite (Cuney et al., 2012) , while in the presence of silica and it is altered to coffinite (Ifill et al., 1996) . However, the presence of micro inclusions of uraninite in linear/elongated pores/fractures ( Figure 13 ) suggests that uraninite precipitated from the mineralizing solution. Lumpkin et al., (2012) Province. Hydrated uranium deficient brannerite and Fe/U/Ti/Pb hydroxides have been identified as alteration products of brannerite-gold nuggets in the Ozernoe ore cluster in Buryatia, Russia (Mironov et al., 2008) .
Mineralogical transformations during leaching
The most prominent feature of the XRD analyses of the leached residue is the absence of the broad humps in the XRD pattern of the residues, which otherwise indicate the presence of amorphous material. This indicates that the amorphous material was dissolved during leaching processes.
However, the maximum at 28.0° 2θ interpreted as possible presence of thorutite (thorian brannerite), (Th,U,Ca)Ti 2 O 6 was observed in all residue analyses along with other peaks matching the thorutite diffraction pattern. The absence of the broad humps in the XRD patterns for the leached residues shows that the metamict brannerite material is more readily leached than the thorutite.
Metamict brannerite has been shown to be more readily leached than crystalline counterpart as reported by Charalambous et al., (2014) . Thorium and REE substituted brannerite has also shown to be less readily leached than uranium brannerite (Charalambous et al., 2010) . There was some overlap between the leaching conditions used by Gilligan and Nikoloski (2015b) and those used by Charalambous et al., (2014) to leach different specimens of brannerite. In 25-100 g/L H 2 SO 4 and 3 g/L Fe 3+ at 95°C Charalambous et al., (2014) obtained uranium extractions of 40-60% over 6 hours from South Australian brannerite (~9% Th, ~2% REE) compared to uranium extractions exceeding 95% when leaching brannerite from Sierra Albarrana, Spain (3% Th, 0.5% REE) over 5 hours under similar conditions (Gilligan and Nikoloski, 2015b) . It is also worth noting that the brannerite used by Charalambous et al., (2014) ground to below 75 μm and was finer in size than the material used by Gilligan and Nikoloski (2015b) .
The XRD analyses of the residues revealed an increase in the intensities of anatase peaks compared with the unleached material ( Figure 6 ). Such increase in the intensities may be related to the reprecipitation of anatase during leaching. Gilligan and Nikoloski (2015b) found that the titanium concentration dropped after the first hour of leaching at 96°C in 10-50 g/L H 2 SO 4 , and suggested formation of secondary TiO 2 . Similarly, several authors (Smits, 1984; Thomas and Zhang, 2003;  A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT 24 leaching. The polymorph of precipitating titanium dioxide depends on the anions present in the solutions. Chloride ions favour the formation of rutile while sulphate ions favour the formation of anatase (Li and Afanasiev, 2011) . Formation of titanium oxide on the surface of brannerite during leaching has been reported to be one of the main factors inhibiting uranium extraction (Smits, 1984; Gogoleva, 2012) .
In addition, the XRD patterns shows that the anatase peaks in residues leached at 63°C and above in 25 g/L H 2 SO 4 were all shifted to lower angles by 0.2-0.5° 2θ with the shift increasing with the 2θ
angle. The calculated d-spacing of anatase was 0.7 % higher than the theoretical value. The EDX analyses of these residues showed the presence of iron and sulphur (Figure 14) in the secondary titanium oxide particles though no iron oxide or sulphate phases were detected in the XRD analyses.
Similar changes in the unit cell parameters have been identified in synthetic anatase and natural anatase from weathered soil. Iron was found to replace up to 10 mole % of the titanium in the anatase structure, which resulted in a positive correlation between the extent of iron substitution and the anatase unit cell a parameter. When 10 mole % of the titanium was replaced by iron, the anatase unit cell dimensions increased by 0.7 % (Schwertmann et al., 1995) . This is consistent with the shift in anatase peaks observed in these leached residues. Therefore, it is suggested that the iron present in the anatase precipitate is incorporated into the structure. . Leaching under milder temperature conditions (25-36°C) resulted in the formation of uranium depleted areas on the surface of the brannerite. These uranium depleted areas did not appear as a coating on the brannerite particles however, as described in earlier studies (Gogoleva, 2012; Smits, 1984) .
The SEM-EDX observations and analyses of the titanium-rich areas showed that they contain elevated amounts of silicon, aluminium, lead, yttrium and phosphorus similar to the naturally altered brannerite in the unleached material (Figure 4 , Figure 5 ). These porous altered areas enriched with silicon and other elements in the brannerite host were particularly susceptible to leaching ( Figure 12 ) and extend up to 5 times as deep as pits elsewhere on the brannerite particle's surface. Lumpkin et al., (2012) noted that the alteration of brannerite to a Si/Ti oxide phase took place along cracks in the crystal. Similarly, Charalambous et al (2014) reported that altered and porous areas of brannerite were more susceptible to leaching than crystalline brannerite, with the latter requiring more aggressive leaching conditions for comparable uranium extraction. Thus, it is proposed that the trace-element enriched areas associated with fractures and porosity are responsible for the increased corrosion. Uraninite was also identified in the leached residues, but is occurs only as inclusions within brannerite, never as separate particles. This is because uraninite dissolves much faster than brannerite under the utilized conditions (Smits, 1984; Lottering et al., 2008) .
Conclusions
Examination of the brannerite specimen showed that it was altered and heterogeneous, consisting of more than two phases. Comparisons of the XRD analyses of the original material with those of the residues show that the amorphous brannerite phase was much more susceptible to leaching than the anatase phase or the possible crystalline thorutite phase. Similarly, there was a definite distinction between the anatase present in the unleached material and the anatase formed in the system after leaching at above 63°C, with the latter containing some iron, as evidenced by EDX and XRD analyses. While titanium dioxide has been reported to form at the surface of brannerite particles during leaching, no such layer was identified in the leaching experiments conducted as part of this study.
The extent of natural alteration appeared to affect the susceptibility of brannerite to leaching. SEM images and element maps showed that the lixiviant was able to dissolve more of the brannerite around areas altered to titanium-silicon oxides which appeared adjacent to the areas of anatase.
This suggests that there is a relationship between the texture of the brannerite grains and the leach recoveries, with heavily altered grains being more readily leached.
The extent of alteration and texture of brannerite grains varies between deposits and has been found to affect the degree of leaching. It is hence proposed that the texture of the uranium minerals
